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Energy scarcity is ubiquitous, and more acute in developing nations. Diversification of energy sources 
toward renewable energy is one of the world major approach in solving this problem. Thin film solar cells is 
universally recognized as one of the best way forward, thus investigation of low cost, non toxic inorganic 
materials for use in absorber and window layers in thin film photovoltaic solar cell devices will play a sig-
nificant role in that regard. Thin films of antimony sulphide were grown using the solution growth tech-
nique. The films were doped with nickel impurities and annealed at annealing temperatures in the range 
50 °C to 200 °C, with the annealing time fixed for 1 hour. The films were characterised using X-ray diffrac-
tometry to investigate the structural properties and UV-spectroscopy to investigate the optical properties, 
thus enabling to evaluate the optical constants (optical absorption coefficient, energy bandgap, refractive 
index, extinction coefficient, optical density, dielectric constants etc). The results from the structural anal-
ysis indicate that the films are mostly amorphous, and exhibited a polycrystalline form at an annealing 
temperature of 150 °C. The optical analysis show that the optical absorption coefficient were  104 cm – 1, 
the energy bandgap was direct with values in the range 2.26 eV to 2.52 eV.  The  results of the optical stud-
ies (direct energy bandgap, values of the energy bandgap and low resistivity) indicate that the films will be 
utilised as window layers in solar cell devices and in other optoelectronic applications. 
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1. INTRODUCTION 
 
Energy and environmental sustainability are fun-
damental indicators of developed nations. Research in 
this regard has been ongoing for decades. The epileptic 
nature of power supply in third world nations is a 
common knowledge, added with little concern for envi-
ronmental degradation. Some inorganic materials used 
in solar cell devices can constitute serious environmen-
tal hazards when not carefully disposed or recycled at 
the end-of-life, for example cadmium based devices. 
The potential hazards, and environmental concerns 
associated to the use of cadmium has been widely es-
tablished in the literature [1-3]. Thin films of antimony 
sulphide have been widely used in various device appli-
cations including solar cells [4-12], photoconductors 
[13], television [14], and other optoelectronic devices 
[15]. It is noteworthy to mention that the constituent 
elements of antimony sulphide (Sb, S) are abundant 
and cheap, and also antimony (Sb) and sulphur (S) are 
more environmentally friendly compared to the other 
inorganic materials used in the more advanced thin 
film solar cells especially in CdTe solar devices. Anti-
mony sulphide  thin films can be deposited by a variety 
of low cost deposition techniques such as spray pyroly-
sis [16-17], chemical bath deposition [5-6, 13, 18] suc-
cessive ionic layer adsorption and reaction (SILAR) 
[12], electro-deposition [19], hydrothermal synthesis 
[20-21], solvo-thermal synthesis [9, 22], and simple 
chemical route [23]. Thin films of Sb2S3 has also been 
reported to be grown using thermal evaporation tech-
nique [8,14], and atomic layer deposition methods [10].  
The aim of the present study is to investigate the 
potentials of a low cost, non-toxic inorganic material for 
applications in optoelectronic devices especially in solar 
cell devices, hence the effect of post deposition anneal-
ing on the structural and optical properties of the 
doped layers are reported.   
 
2. MATERIALS AND METHOD 
 
2.1 Substrate Preparation and Film Deposition 
 
The soda lime glass substrate used for the deposi-
tion were thoroughly cleaned in an ultrasonic bath, and 
then dried. A 3.0g of antimony chloride was carefully 
measured and then included  in a 10 ml of acetone in a 
beaker. A standard solution of sodium thiosulphate 
was prepared and the required volume was also added 
to the previous beaker and then stirred for 15 minutes  
to ensure uniform dissolution. The solution was then 
distributed into 6 separate beakers and labelled for 
easy identification. A standard solution of nickel was 
also prepared and 5 ml of it (0.3M) was then added to 
the respective 5 beakers (earlier labelled beakers), 
keeping one without the nickel to serve as control. The 
substrates were held vertically through a synthetic 
foam and deposition was allowed for 2 hours. The films 
were then removed and dried, and then placed in a 
furnace with annealing temperatures ≤ 200 °C, with 
the annealing time maintained for 1 hour.  
 
2.2 Characterisation 
 
The films were characterised using X-ray diffrac-
tometry for the structural investigations and optical 
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spectroscopy for the transmittance versus wavelength 
measurements. The optical measurements was done 
with a Unico-UV-2102PC spectrophotometer at a wave-
length range of 300 nm to 1000 nm, while the structur-
al characterisation was done using the PANalytical 
Xpert Pro Holland at a scan range of 10 to 90 degrees.  
 
3. RESULTS AND DISCUSSION 
 
The colour of the films were observed to be orange 
yellow by physical observation, and the films also ad-
hered strongly to the substrates. The X-ray diffracto-
gram of the layers are shown on Fig. 1. As indicated in 
Fig. 1, it is clear that the films exhibited a polycrystal-
line nature at an annealing temperatures ≥ 50 °C. From 
the XRD analysis, it was observed that the films crystal-
lized in the orthorhombic crystalline phase. The XRD 
pattern of the layers were found to be consistent with 
the ICDD-PDF:001-0538 (International centre for dif-
fraction data powder diffraction file-001-0538). The ob-
served results is in agreement with the literature [24].  
 
 
 
Fig. 1 – XRD diffractograms of the layers at different anneal-
ing temperatures 
 
Fig. 2 gives the plots of the transmittance with 
wavelength in the range 330 nm to 1000 nm. The 
transmittances of the films were typically  80 % and 
exhibited an optimum for the films annealed at an 
annealing temperature of 150 °C. The transmittance 
plots exhibited smooth profiles in all the layers as 
shown on Fig. 2, which points to the possibility of uni-
form doping in all the layers. The values of the trans-
mittance obtained in the study is within the range 
reported by other research groups [25]. The effects of 
the post-deposition heat treatments was also signifi-
cant in the transmittance plots as indicated in the 
shifts of the fundamental edge towards the higher 
wavelength. This behaviour was attributed to the modi-
fication in the valence and conduction band edge intro-
duced by the nickel impurities. It is also possible that 
the difference in lattice constants of the dopants and 
host atoms are responsible for the observed phenome-
na.  
Information extracted from the transmittance ver-
sus wavelength plots including relevant equation from 
the literature was used to deduce important optical 
constants such as the optical absorption coefficient (), 
refractive index (n) extinction coefficient (k), dielectric 
constants (), optical density, and the optical conductiv-
ity. The optical absorption coefficient was deduced 
using the relation [26]; 
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In equation 1,  is the optical absorption coefficient, d 
is the film thickness, and T is the transmittance. From 
the analysis, it was observed that the values of  were 
all  104 in all the layers. The behaviour exhibited by 
the plots of the variation of α with the photon energy 
(not shown), is in agreement with the reports of other 
authors in the literature [27, 28]. 
 
 
 
Fig. 2 – Plots of transmittance vs. wavelength 
 
Fig. 3 shows the variation of 2( )h   vs h  for the 
all the films at the different annealing conditions. It 
has been generally accepted that extrapolation of the 
linear portion of the graph of 2( )h   vs h  gives the 
energy bandgap of the material under study. The ener-
gy bandgap was calculated from the  equation given in 
the literature [25, 29-30]; 
 
  
n
gh B h E     (2) 
 
where in equation (2), h is the Planck’s constant, h  is 
the photon energy, B is an energy independent constant,  
 
 
 
Fig. 3 – Plots of 2( )h   vs h  
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n is an index that characterises the optical absorption 
process, Eg is the energy bandgap and α retains its 
meanings. The value of the index n is 1/2 for direct 
allowed transition, and 3/2 for direct forbidden transi-
tions. The plots shown on Fig. 4 indicates that an ex-
trapolation of the linear portion gives the energy 
bandgap in the range 2.26 eV to 2.52 eV.  The results 
obtained for the energy bandgap is in line with the 
work of other authors [24-25, 29]. This range of values 
of the energy bandgap can be utilized in window layers 
for thin film solar cell applications. 
Fig. 4 shows the relationship exhibited by the plots 
of the optical conductivity of the films with photon 
energy at the respective annealing conditions. The opti-
cal conductivity is directly related to the refractive index 
and optical absorption coefficient, and was evaluated 
using the relation given in the literature [24, 30-31]; 
 
    1(4 )nc    . (3) 
 
In eq. 3, σ is the optical conductivity, α retains its 
meanings, n is the refractive index, and c is the speed 
of light in vacuum.  As expected, the optical conductivi-
ty of the layers were higher at shorter wavelength 
(higher photon energies) as these region of wavelengths 
are more absorbing. Also from the plots (Fig. 4), it was 
observed that the optical conductivities were lower at 
higher annealing temperatures. 
 
 
 
Fig. 4 – Plots of optical conductivity vs. photon energy 
 
Fig. 5 shows the graph of the optical density with the 
photon energy. The optical density was calculated us-
ing the relation as contained in the literature [32], thus 
the optical density is given as; 
 
 Optical density d . (4) 
 
In eq. 4,  retains its meanings and d is the film thick-
ness. The similarities in the behaviour of the plots of 
the optical densities with photon energy with that of 
the optical absorption coefficient with photon energy  
can be understood from the standpoint of the relation-
ship in the equations (eqs. 3 and 4) used for the analy-
sis. The optical densities were relatively higher at in-
creased annealing temperatures. This behaviour could 
be attributed to the increase in the grain sizes due to 
the thermal treatments. An increase in the optical 
density, caused by a post deposition heat treatments 
has been reported for other chalcogenides thin film 
independent of the deposition technique [32]. 
 
 
 
Fig. 5- Plots of optical density  vs photon energy 
 
Fig. 6 shows the change in refractive index with pho-
ton energy. According to the literature data (see, for 
example, [33], the refractive index is related to the 
energy band gap hence the refractive index was calcu-
lated using the relation; 
 
 4 77gn E
  . (5) 
 
In eq. 5, n is the refractive index and Eg is the energy 
band gap. The refractive index decreased with increas-
ing photon energies. The refractive index was in the 
range 2.2-2.8. These values are typically within the 
range suitable for various optoelectronic applications. 
The values of the refractive index obtained in the study 
is close to the reports of other research groups [24, 27-
28]. 
 
 
 
Fig. 6 – Plots of refractive index  vs photon energy 
 
4. CONCLUSION 
 
The study reports on the influence of post deposi-
tion heat treatment on the structural and optical prop-
erties of chemically deposited thin films of nickel-doped 
antimony sulphide. The post-deposition heat treat-
ments modified the properties of the layers considera-
bly. In particular the optical density increased with 
increasing annealing temperatures while the optical 
absorption coefficient were all  105 cm – 1 in all the 
layers. The energy band gaps were direct, with values 
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in the range suitable for application in solar cell devic-
es and in other optoelectronic applications. The values 
of the refractive index and the optical conductivities 
also suggest possible applications of the films in photo-
conductors. 
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